The Roundabout (Robo) family of receptors and their extracellular ligands, the Slit protein family, play important roles in repulsive axon guidance. First identi®ed in Drosophila, Robo receptors form an evolutionarily conserved sub-family of the immunoglobulin (Ig) superfamily that are characterized by the presence of ®ve Ig repeats and three ®bronectin-type III repeats in the extracellular domain, a transmembrane domain, and a cytoplasmic domain with several conserved motifs that play important roles in Robo-mediated signaling (Cell 92 (1998) 205; Cell 101 (2000) 703). Robo family members have now been identi®ed in C. elegans, Xenopus, rat, mouse, and human (Cell 92 (1998) 205; Cell 92 (1998) 217; Cell 96 (1999) 807; Dev. Biol. 207 (1999) 62). Furthermore, multiple robo genes have been described in Drosophila, rat, mouse and humans, raising the possibility of potential redundancy and diversity in robo gene function. As a ®rst step in elucidating the role of Robo receptors during vertebrate development, we identi®ed and characterized two Robo family members from zebra®sh. We named these zebra®sh genes robo1 and robo3, re¯ecting their amino acid sequence similarity to other vertebrate robo genes. Both genes are dynamically expressed in the developing nervous system in distinct patterns. robo3 is expressed during the ®rst day of development in the hindbrain and spinal cord and is later expressed in the tectum and retina. robo1 nervous system expression appears later in development and is more restricted. Moreover, both genes are expressed in non-neuronal tissues consistent with additional roles for these genes during development. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
Cloning and sequence of zebra®sh Robo orthologs
Using sequence conservation amongst characterized members of the Robo gene family, several degenerate primers were designed against conserved regions of the extracellular domain. Primers from the ®rst and ®fth Ig domains were used to amplify a 1200 bp fragment from ®rst-strand cDNA generated from zebra®sh embryonic RNA. A 33±36 h zebra®sh cDNA library was then screened with this PCR fragment and two distinct genes were identi®ed. Nothern blot analysis demonstrated that the ®rst gene encoded a 7500 nucleotide transcript and the second gene produced a transcript of 5500 nucleotides. Both ORFs encode the characteristic motifs of Robo family members; ®ve Ig repeats and three FN type III repeats in the extracellular domain, a transmembrane domain, and cytoplasmic domain with several conserved motifs as described by Kidd et al. (1998) .
Phylogenetic analysis of vertebrate Robo molecules suggested that the gene encoding the 7500 nucleotide transcript was most closely related to human ROBO1, rat Robo1, and mouse Dutt1, so we named it robo1 (Fig. 1A) . Since the gene encoding the 5500 nucleotide transcript was somewhat diverged from both human ROBO2 and rat Robo2, we named it robo3. Furthermore, a third zebra®sh Robo has been isolated that is more similar to human ROBO2 and rat Robo2 (Chi-Bin Chien, personal communication). The zebra®sh robo orthologs robo1 and robo3 share 50% amino acid identity and 63% similarity over their entire length. This sequence conservation was greatest in the extracellular and transmembrane domains; conservation was much more limited in the cytoplasmic domain. Conserved motifs in the cytoplasmic domains of Robo family members from C. elegans, Drosophila, rat and human that are likely to play key roles in Robo-mediated repulsive signaling are conserved in both zebra®sh robo1 and robo3, including CC0, CC1, CC2 and CC3 (Bashaw et al., 2000) .
With the addition of these two zebra®sh amino acid (Fig. 1B) . The conservation of these sequences is striking, although similar sequences are not obvious in the invertebrate members of this gene family. Interestingly, the second motif contains a conserved tyrosine, along with multiple conserved serines and threonines, and may be a target for phosphorylation.
2. Zebra®sh robo RNA expression 2.1. robo3 RNA expression robo3 is expressed diffusely as early as shield stage (data not shown), however, a distinct expression pattern becomes evident at 12 h ( Fig. 2A,B) . A dorsal view of a 12 h embryo reveals a discrete row of mesodermal cells expressing robo3 on either side of the midline, a location suggestive of adaxial cells ( Fig. 2B ; Devoto et al., 1996; Thisse et al., 1993) . By 14 h robo3 RNA is expressed in the paraxial mesoderm (Fig.  2C±E) . At this time, and even more dramatically at 16 h, expression is restricted to the posterior portion of midtrunk (Fig. 2F , asterisks) and caudal somites. In rostral trunk segments, robo3 expression is uniform (data not shown). This pattern persists until approximately 20 h. By 24 h, robo3 somite expression begins to diminish in the rostral trunk ( Fig. 2G ) with expression persisting in tail somites. After 24 h, robo3 expression in somites is lost altogether (Fig. 2H) .
The ®rst cells expressing robo3 in the spinal cord were seen at 14 h in the anterior trunk corresponding to the ®rst approximately four spinal cord hemisegments (Fig. 2E) . At 16 h, more spinal neurons expressed robo3 and were present in the ®rst eight spinal cord hemisegments (Fig. 2F ). This pattern persisted and by 24 h robo3 expressing spinal neurons were observed along the entire rostrocaudal axis (Fig. 2G ). robo3 expression in the spinal cord was diffuse during the second day of development (Fig. 2H ) and no robo3 expression was seen in the spinal cord at 60 or 72 h (data not shown).
Cross-sections through the trunk of 20 h embryos revealed that some robo3 expressing neurons were situated slightly dorsal within the spinal cord. To determine whether these cells were dorsally located Rohon-Beard sensory neurons, we performed robo3 RNA in situ hybridization followed by immunohistochemistry to reveal Rohon-Beard neurons (zn12 antibody; Metcalfe et al., 1990) . At 20 h, we found that robo3 expression in the spinal cord did not co-localize with zn12 expression indicating that these cells were not Rohon-Beard neurons (Fig. 2I) . robo3 positive cells were also present in the ventral spinal cord next to the¯oor plate, consistent with the position of motor neurons (Fig.  2J) . Thus, robo3 appears to be expressed in both interneurons and motoneurons (Eisen et al., 1986; Bernhardt et al., 1990) .
The zebra®sh hindbrain is comprised of seven rhombomeres containing identi®ed reticulospinal interneurons that project axons either contralaterally or ipsilaterally within the spinal cord (Metcalfe et al., 1986; Mendelson, 1986) . We ®rst see faint robo3 expression at 14 h in discrete hindbrain cells (Fig. 2K) . By 16 h there is at least one pair of cells expressing robo3 in each rhombomere (Fig. 2L) . The number of cells expressing robo3 in the hindbrain increases between 16 and 24 h (Fig. 2M,N) . This increase in expression continues until 36 h and then begins to decrease in intensity during the third day of development.
We also observed robo3 expression in both neuronal and non-neuronal tissues starting on the second day of development. robo3 expression was present in speci®c brain regions at 24 h and persisted through 72 h, the latest time analyzed. At 48 h expression was detected in the tectal cells (Fig.  3A,B) , cerebellum (Fig. 3A) , retinal photoreceptor cell layer (Fig. 3B ) and the diencephalon (data not shown). Starting at 36 h and observed through at least 72 h, robo3 expression was detected in distal cells of the pectoral ®n bud (Fig. 3C) . robo3 expression was also observed in the caudal ®n mesenchyme starting at 48 h with a greater number of cells expressing at 60 h (Fig. 3D ) and persisting through 72 h, the last time point analyzed.
robo1 RNA expression
Unlike robo3, distinct patterns of robo1 expression were not observed until approximately 24 h. At this time, robo1 was expressed in ventral somites (Fig. 3E) ; a pattern which began to diminish at 36 h and was undetectable after 48 h. Hindbrain and spinal cord expression was weak and only observed at 24 h in a limited number of cells (Fig. 3F,G) . Distinct expression domains in the forebrain and midbrain were observed at 24 h with the pattern becoming more robust by 48 h (Fig. 3H) . Unlike robo3, robo1 expression was not detected in the retina, but was present in the cerebellum and tectal cells at 48 h (Fig. 3H) . Also similar to robo3, robo1 is expressed in distal cells of the pectoral ®n buds (Fig. 3I) . robo1 was also expressed between 24 and 48 h in the lateral line primordia (Fig. 3J ).
Radiation hybrid mapping
To reveal the location of robo1 and robo3 on the zebra®sh genetic map, we used the LN54 radiation hybrid (RH) panel (Hukriede et al., 1999) . robo1 mapped to LG15 and robo3 mapped to LG10. These results were con®rmed on the T-51 RH panel (Dr Len Zon's laboratory).
Materials and methods

Zebra®sh embryos
Zebra®sh embryos were collected and allowed to develop between 27 and 298C and staged as described by Wester®eld (1995) . To facilitate visualization of RNA in situ hybridization in embryos older than 36 h, 0.2 mM phenylthiourea was added to the ®sh water at approximately 22 h.
Cloning of Robo orthologs from zebra®sh
Consensus-degenerate hybrid primers (CODEHOP) for Robo were designed using the BLOCKS program (Rose et al., 1998) . Forward primer (AF), CCGCCACCTT-CAACTGCMARGYNGARGG, was designed to a conserved motif in the ®rst Ig repeat and the reverse primer (HR), CAGGTCCCTGCTGGATGAYNGGNGGNGG, was designed to a conserved motif in the ®fth Ig repeat. Screening for robo clones was done on a 33±36 h post fertilization zebra®sh cDNA library (a kind gift of Dr Kai Zinn). 5
H and 3
H RACE were performed in order to obtain full-length sequences using the Marathon cDNA Ampli®cation kit and AdvanTaq enzyme (Clontech).
In situ hybridizations and immunohistochemistry
Fragments from the 5
H end of robo1 and robo3 clones were used to synthesize digoxigenin (DIG)-labeled antisense riboprobes for in situ hybridizations as described in Thisse et al. (1993) . krox-20 riboprobe was used as an indicator of rhombomeres 3 and 5 (Oxtoby and Jowett, 1993) and was detected using Fast Red TR/Naphthol AS-MX Tablets (Sigma). Whole-mount in situ hybridizations and antibody staining were performed as described by Xu et al. (1994) . zn12 immunohistochemistry with an Oregon Green conjugated secondary antibody (Molecular Probes) was used to identify the sensory Rohon-Beard neurons (Metcalfe et al., 1990) .
Mapping zebra®sh robo
LN54 RH panel used to map robo1 and robo3 was a kind gift of Dr Marc Ekker. PCR ampli®cation was done using primers from the 3 H UTR regions of robo1 and robo3 cDNA sequences. RH mapping of robo1 and robo3 was also done on the T51 panel by Dr Zon's laboratory on request. 
